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Abstract 

A  detailed  thermodynamic  analysis  is  undertaken  for  carbon  formation  in  a  solid  oxide  fuel  cell  (SOFC)  with  a  direct  internal  reformer 
(DIR)  fuelled  by  methanol.  Two  types  of  fuel  cell  electrolyte,  i.e.  oxygen-  and  hydrogen-conducting,  are  considered.  Equilibrium  calculations 
are  performed  to  find  the  range  of  inlet  steam  methanol  (ITCkMeOH)  ratio  where  carbon  formation  is  thermodynamically  unfavourable 
in  the  temperature  range  of  500  to  1200  K.  The  key  parameters  that  determine  the  boundary  of  carbon  formation  are  temperature,  type  of 
solid  electrolyte,  and  the  extent  of  the  electrochemical  reaction  of  hydrogen.  The  minimum  H20:MeOH  ratio  for  which  carbon  formation 
is  thermodynamically  unfavoured  decreases  with  increasing  temperature.  Comparison  between  the  two  types  of  electrolyte  reveals  that  the 
hydrogen-conducting  electrolyte  is  impractical  for  use  given  the  tendency  for  carbon  formation.  This  is  mainly  due  to  the  water  formed  by 
the  electrochemical  reaction  at  the  electrodes. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Fuel  cells  are  more  efficient  and  cleaner  alternative  meth¬ 
ods  of  electricity  generation  than  conventional  heat  engines, 
steam  and  gas  turbines,  and  combined  cycles.  Among  the  var¬ 
ious  types  of  fuel  cell,  the  solid  oxide  fuel  cell  (SOFC)  has 
attracted  considerable  interest  as  it  offers  the  widest  range 
of  applications,  flexibility  in  the  choice  of  fuel,  high-system 
efficiency,  and  the  possibility  of  operation  with  an  internal  re¬ 
former.  The  waste  heat  at  high  temperature  can  be  utilized  in 
co-generation  applications  and  bottoming  cycles.  Moreover, 
unlike  the  situation  in  low-temperature  fuel  cells,  the  SOFC 
anode  is  not  affected  by  carbon  monoxide  poisoning. 

Hydrogen,  which  is  produced  on  large  scale  by  the  steam 
reforming  of  methane  in  an  externally  heated  fixed-bed  re¬ 
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actor  and  on  a  small  scale  by  the  electrolysis  of  water,  is  the 
major  fuel  for  fuel  cells.  Nevertheless,  the  use  of  other  fuels 
such  as  methanol,  ethanol,  gasoline  and  other  oil  derivatives 
is  also  possible.  Douvartizide  et  al.  [1]  applied  a  thermody¬ 
namic  analysis  to  evaluate  the  feasibility  of  different  fuels, 
i.e.,  methane,  methanol,  ethanol  and  gasoline,  for  SOFCs. 
The  results  obtained  in  terms  of  electromotive  force  out¬ 
put  and  efficiency  show  that  ethanol  and  methanol  are  very 
promising  alternatives  to  hydrogen.  Among  them,  methanol 
is  favourable  due  to  its  ready  availability,  high-specific  energy 
and  storage  transportation  convenience  [2,3]. 

Although  the  steam  reforming  of  methanol  for  hydro¬ 
gen  production  is  feasible  from  a  thermodynamic  point 
of  view,  a  major  consideration  is  carbon  formation  in  the 
system.  Appropriate  operating  conditions  must  employed 
to  avoid  damage  from  carbon  deposition  such  as  catalyst 
deactivation  in  the  reformer  or  anode  deactivation  in  a 
SOFC  with  an  internal  reformer.  The  formation  of  carbon 
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Nomenclature 

a  inlet  moles  of  methanol  (mol) 

b  inlet  moles  of  steam  (mol) 

c  extent  of  the  electrochemical  reaction  of  hy¬ 

drogen  (mol) 

K i  equilibrium  constant  of  reaction  ( 1 1 )  (k  Pa- 1 ) 

K2  equilibrium  constant  of  reaction  (12)  (kPa) 

n  i  number  of  moles  of  component  i  (mol) 

Pi  partial  pressure  of  component i  (kPa) 

x  converted  moles  associated  with  reaction  (1) 

(mol) 

y  converted  moles  associated  with  reaction  (2) 

(mol) 

z  converted  moles  associated  with  reaction  (3) 

(mol) 

Greek  letter 
ac  carbon  activity 


leads  to  loss  of  system  performance  and  poor  durability 

[4]. 

Thermodynamic  analyses  of  the  steam  reforming  of 
methanol  have  been  undertaken  in  either  reformer  [5-7] 
or  a  fuel-cell  system  [1,8].  Amphlett  et  al.  [5]  exam¬ 
ined  thermodynamics  of  reaction  based  on  widely-accepted 
decomposition-shift  mechanisms  at  different  temperatures, 
pressures  and  feed  ratios.  Prior  to  this  study,  thermody¬ 
namic  analyses  were  based  mostly  on  the  overall  reaction  of 
methanol  steam  forming  to  form  carbon  dioxide  and  water. 
Lwin  et  al.  [6]  re-examined  the  steam  reforming  of  methanol 
by  the  method  of  direct  minimization  of  Gibbs  free  energy  at 
temperatures  in  the  range  of  360  to  573  K  and  a  H20:MeOH 
feed  ratio  of  0  to  1.5.  It  was  found  that  the  formation  of 
carbon  and  methane  was  thermodynamically  favoured  and 
reduced  both  the  quantity  and  the  quality  of  the  hydrogen 
produced.  Undesired  products  such  as  dimethyl  ether  oc¬ 
curred  at  low  temperatures  and  low  H20:MeOH  feed  ratios. 
Brown  [7]  compared  seven  types  of  fuel  for  on-board  hydro¬ 
gen  production  for  a  proton-exchange-membrane  fuel  cell.  It 
was  found  that  the  theoretical  input  energies  did  not  differ 
markedly  among  the  different  types  of  fuel.  Maggio  et  al.  [8] 
conducted  comparative  studies  on  the  internal  steam  reform¬ 
ing  of  methane,  methanol  and  ethanol  in  a  molten  carbonate 
fuel  cell.  Carbon  formation  was  not  however  considered  in 
the  calculations. 

The  present  study  aims  to  find  a  suitable  range  of  oper¬ 
ating  conditions  under  which  carbon  formation  in  a  SOFC 
with  a  direct  internal  reformer  (DIR)  is  not  feasible.  This 
is  necessary  due  to  the  fact  that  carbon  deposition  over  the 
anode  results  in  the  growth  of  carbon  filaments  that  are  at¬ 
tached  to  anode  crystallites  generate  massive  forces  within 
the  electrode  structure  and,  thereby,  result  in  its  rapid  break¬ 


down  [9].  The  calculation  is  more  complicated  than  that  for 
conventional  reformers  as  the  disappearance  of  hydrogen 
and  the  generation  water  from  the  electrochemical  reaction 
must  be  taken  into  account.  SOFCs  with  both  oxygen-  and 
hydrogen-conducting  electrolytes  are  investigated  in  this 
work. 


2.  Theory 

The  reactions  involved  in  the  production  of  hydrogen  from 
the  steam  reforming  of  methanol  can  be  represented  by  the 
widely  accepted  decomposition-shift  mechanisms  [5]: 

CH3OH  =  2H2  +  CO  (1) 

CO  +  H20  =  H2  +  C02  (2) 

Early  studies  [  1 0, 1 1  ]  showed  that  when  in  thermodynamic 
equilibrium  the  system  contains  only  five  species  with  no¬ 
ticeable  concentration,  namely:  methanol,  carbon  monoxide, 
carbon  dioxide,  hydrogen  and  water.  Recent  work  by  Lwin 
et  al.  [6]  also  confirmed  that  the  equilibrium  composition  of 
other  higher  molecular  weight  compounds  such  as  formalde¬ 
hyde,  methyl  formate  and  formic  acid  are  negligible.  It  was  re¬ 
vealed,  however,  that  methane  formation  according  to  Eq.  (3) 
needed  to  be  included  in  the  calculation. 

CO  +  3H2  =  CH4  +  H20  (3) 

When  the  SOFC  is  operated  with  an  internal  reformer,  part 
of  the  hydrogen  produced  is  consumed  by  the  electrochem¬ 
ical  reaction  with  oxygen  producing  water  and  electricity. 
Two  types  of  solid  electrolyte  can  be  employed  in  SOFC  op¬ 
eration,  viz.,  oxygen-  and  hydrogen-conducting  electrolytes. 
An  oxygen-conducting  electrolyte  is  common  for  the  use  in 
SOFCs,  while  a  hydrogen-conducting  electrolyte  is  normally 
used  in  low-temperature  fuel  cells  (e.g.,  PEM  and  PAFC). 
It  should  be  noted  that  some  types  of  hydrogen-conducting 
electrolyte  are  not  classified  as  solid  oxides  and  the  term 
‘ceramic  fuel  cell’  is  more  preferable  in  these  cases.  The 
difference  between  both  types  of  electrolyte  is  the  location 
at  which  the  water  is  produced.  With  an  oxygen-conducting 
electrolyte,  water  is  produced  in  the  reaction  mixture  in  the 
anode  chamber.  By  contrast,  with  a  hydrogen-conducting 
electrolyte,  water  appears  on  the  cathode  side.  In  this  work, 
a  SOFC  with  a  hydrogen-conducting  electrolyte  is  studied 
as  an  alternative  approach  and  is  used  for  comparison  pur¬ 
poses.  The  number  of  moles  of  each  component  is  given  by 
the  following  expressions: 


«MeOH  =  a  -  X  (4) 

«ch4  =  z  (5) 

«CO  =  x-y-z  (6) 

«co2  =  y  (7) 
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n  1 1,  =  2x  +  y  —  3z  —  c  (for  oxygen-conducting  electrolyte) 
n  1 1,  =  2x  +  y  —  3z  —  c  (for  hydrogen-conducting  electrolyte) 

;?H,0  =  b  +  c  —  y  +  z  (for  oxygen-conducting  electrolyte) 
n  i  i,o  =  b  —  y  +  z  (for  hydrogen-conducting  electrolyte) 

6 

«tot  —  57  » i  (10) 

i—  1 

where  a  and  b  represent  the  inlet  moles  of  methanol  and 
water,  respectively;  c  is  the  extent  of  electrochemical  reaction 
of  hydrogen;  x,  y  and  z  are  converted  moles  associated  with 
the  reactions  (1)  to  (3),  respectively.  It  should  be  noted  that 
only  hydrogen  is  assumed  to  react  electrochemically  with  the 
oxygen  supplied  from  the  cathode  side. 

Calculations  of  the  thermodynamic  equilibrium  compo¬ 
sition  are  accomplished  by  solving  a  system  of  non-linear 
equations  that  relate  the  moles  of  each  component  to  the  equi¬ 
librium  constants  of  the  reactions. 

The  following  reactions  are  the  most  probable  reactions 


that  lead  to  carbon  formation: 

2CO  =  C02  +  C 

(11) 

CH4  =  2H2  +  C 

(12) 

CO  +  h2  =  h2o  +  C 

(13) 

C02  +  2H2  =  2H20  +  C 

(14) 

CH3OCH3  =  2C  +  H20  +  2H2 

(15) 

At  low  temperature,  reactions  (13-15)  are  favourable 
while  reaction  (12)  is  thermodynamically  unfavoured  [6]. 
The  Boudard  reaction  (Eq.  (11))  and  the  decomposition  of 
methane  (Eq.  (12))  are  the  major  pathways  for  carbon  forma¬ 
tion  at  high  temperature  as  they  show  the  largest  change  in 
Gibbs  energy  [12].  It  should  be  noted  that  due  to  the  exother¬ 
mic  nature  of  the  water-gas  shift  reaction  (Eq.  (2))  and  the 
methanation  reaction  (Eq.  (3))  amount  of  CO  becomes  signif¬ 
icant  at  high  temperature  [7].  The  reactions  given  by  Eqs.  (11) 
and  (12)  are  employed  to  examine  the  thermodynamic  possi¬ 
bility  of  carbon  formation.  The  carbon  activities,  defined  in 
Eqs.  (16)  and  (17),  are  used  to  determine  the  possibility  of 
carbon  formation. 


K\pco 

06) 

«c.co  — 

p  co2 

K2  PCII4 

(17) 

«C,CH4  —  2 

Pib2 


where  K\  and  /G  represent  the  equilibrium  constant  of  reac¬ 
tions  (11)  and  (12),  respectively,  and  pi  is  the  partial  pressure 
of  component  i.  When  ac  >  1 ,  the  system  is  not  in  equilibrium 
and  carbon  formation  is  observed.  The  system  is  at  equilib¬ 
rium  when  ac  =  1.  Finally,  when  ac  <  1,  carbon  formation  is 
thermodynamically  impossible.  It  is  noted  that  the  amount  of 
carbon  in  the  system  cannot  be  directly  interpreted  from  the 


(8) 

(9) 


carbon  activities.  The  latter  are  employed  only  as  indicators 
of  carbon  formation. 

To  find  the  range  of  SOFC  operation  that  does  not  suffer 
from  the  formation  of  carbon,  the  operating  temperature  and 
the  extent  of  the  electrochemical  reaction  of  hydrogen  (c)  are 
specified.  Then,  the  initial  value  of  the  IGChMeOH  ratio  is 
varied  and  the  corresponding  value  of  ac  are  calculated.  The 
boundary  of  carbon  formation  is  defined  as  the  IGChMeOH 
that  has  a  value  of  ( 1  —  ac)  close  to  zero.  This  value  represents 
the  minimum  IGChMeOH  mole  ratio  in  the  initial  system  at 
which  carbon  formation  in  the  equilibrium  mixture  is  thermo¬ 
dynamically  impossible.  It  should  be  noted  that  other  factors 
such  as  mass  and  heat  transfer  or  the  rate  of  reactions  may 
also  affect  the  prediction  of  the  carbon  formation  boundary. 
Local  compositions  that  allow  carbon  formation  may  exist, 
although  such  formation  is  unfavourable  according  to  the  cal¬ 
culation  based  on  the  equilibrium  bulk  compositions.  More¬ 
over,  carbon  species  may  form  via  other  chemical  reactions 
such  as  the  thermal  cracking  of  hydrocarbons.  In  addition,  it 
should  be  noted  that  although  recent  investigators  estimated 
the  carbon  concentration  in  steam  reforming  reactions  by  the 
method  of  Gibbs  energy  minimization,  the  simple  principle 
of  equilibrated  gas  to  predict  carbon  formation  used  in  this 
study  is  still  meaningful.  This  is  because  the  calculation  is 
carried  out  to  find  the  boundary  of  carbon  formation  where 
the  carbon  just  begins  to  form. 

In  practice,  the  SOFC  should  be  operated  at  a  H20:Me0H 
ratio  that  is  higher  than  the  theoretical  value  to  avoid  the 
deactivation  of  the  anode  by  carbon  formation.  Excessive 
water  in  the  feed  mixture  is  not  favoured,  however,  because 
the  exothermic  heat  produced  by  the  SOFC  electrochemical 
section  may  not  satisfy  the  endothermic  heat  of  the  steam 
reforming  reaction,  and  particularly  the  enthalpy  requirement 
for  water  evaporation  [13].  This  subject  will  be  discussed  in 
more  detail  in  a  future  communication  that  deals  with  the 
efficiency  of  the  overall  SOFC  system. 

3.  Results 

For  the  SOFC  with  DIR  operation  in  this  study,  methanol 
is  reformed  at  the  anode.  Due  to  the  presence  of  the  elec¬ 
trochemical  reaction,  calculations  need  to  take  into  account 
disappearance  of  hydrogen  as  well  as  steam  generation  by  the 
electrochemical  reaction.  As  mentioned  earlier,  both  oxygen- 
and  hydrogen-conducting  electrolytes  are  investigated  and 
compared.  The  study  includes  the  effects  of  the  extent  of  the 
electrochemical  reaction  of  hydrogen,  the  inlet  H20:Me0H 
ratio,  the  operating  temperature  and  the  pressure  on  the 
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Fig.  1 .  Influence  of  extent  of  electrochemical  reaction  of  hydrogen  on  moles 
of  components  at  anode  side  (oxygen-conducting  electrolyte,  a  =  1  mol,  b  = 
1  mol,  P  =  101.3  kPa,  T=  1173K). 

chemical  species  in  the  anode  side,  e.g.  CO,  CO2  and  H2O. 
Carbon  formation  at  various  operating  conditions  is  also  pre¬ 
dicted.  The  results  obtained  and  their  discussions  are  illus¬ 
trated  as  follows. 

3.1.  Effect  of  extent  of  hydrogen  consumption  on  anode 
components 

In  the  DIR  operation,  hydrogen  produced  from  the  reform¬ 
ing  reactions  electrochemically  reacts  with  oxygen  ion  from 
supplied  ah'  and  products  steam.  This  reaction  is  an  impor¬ 
tant  element  in  electricity  production  from  the  fuel  cell.  In 
this  section,  the  effects  of  the  extent  of  hydrogen  consump¬ 
tion  via  this  electrochemical  reaction,  c,  on  each  component 
at  the  anode  are  discussed.  The  results  for  the  fuel  cell  with  the 
oxygen-  and  hydrogen-conducting  electrolytes  are  presented 
in  Figs.  1  and  2,  respectively. 

For  all  the  operating  conditions  investigated,  the  num¬ 
ber  of  moles  of  methanol  is  close  to  zero.  This  is  due  to 
the  strong  endothermic  decomposition  reaction  (Eq.  (1))  that 
is  favoured  at  the  high-operating  temperature  of  SOFCs. 
For  other  species,  it  can  be  seen  from  Figs.  1  and  2 
that  the  consumption  of  hydrogen  by  the  electrochemi¬ 
cal  reaction  affects  their  equilibrium  concentrations.  Con- 


Fig.  2.  Influence  of  extent  of  electrochemical  reaction  of  hydrogen  on  moles 
of  components  at  anode  side  (hydrogen-conducting  electrolyte,  a  =  1  mol,  b 
=  1  mol,  P=  101.3 kPa,  T=  1173K). 


stant  removal  of  FE  from  the  system  via  the  electrochem¬ 
ical  reaction  shifts  the  equilibrium  reactions  of  Eqs.  (1) 
and  (2)  in  a  forward  direction  and  the  reaction  of  Eq.  (3)  in 
a  backward  direction.  Therefore,  the  carbon  dioxide  concen¬ 
tration  increases  whereas  the  carbon  monoxide  and  methane 
concentrations  decrease  with  the  increase  in  the  amount  of 
hydrogen  consumed.  It  should  be  noted  that  the  changes  in  the 
concentrations  of  those  species  with  the  amount  of  hydrogen 
consumed  for  the  hydrogen-conducting  electrolyte  system 
are  less  pronounced  than  those  for  the  oxygen-conducting 
electrolyte  system.  The  main  difference  between  the  use  of 
oxygen-  and  hydrogen-conducting  electrolytes  in  SOFCs  is 
the  location  where  the  electrochemical  reaction  mentioned 
above  takes  place.  For  the  oxygen-conducting  electrolyte  sys¬ 
tem,  the  reaction  occurs  at  the  anode  side.  Therefore,  the  par¬ 
tial  pressure  of  steam,  which  is  the  main  product  from  the 
reaction,  at  the  anode  increases  with  greater  consumption  of 
hydrogen,  as  shown  in  Fig.  1.  On  the  other  hand,  by  using 
the  hydrogen-conducting  electrolyte,  steam  is  generated  at 
the  cathode  side.  The  amount  of  steam  in  the  anode  slightly 
decreases  with  increased  hydrogen  consumption,  as  shown  in 
Fig.  2,  because  the  disappearance  of  hydrogen  in  the  anode 
shifts  the  reactions  that  consume  steam  in  a  forward  direction. 

3.2.  Effect  of  hydrogen  consumption  on  carbon 
formation 

Theoretically,  the  excess  inlet  steam  reacts  with  carbon 
monoxide  to  form  carbon  dioxide  according  to  the  water-gas 
shift  reaction  (Eq.  (2)).  In  addition,  it  helps  to  prevent  the 
formation  of  methane  (Eq.  (3)).  The  increase  in  carbon  diox¬ 
ide  concentration  and  the  decrease  in  methane  concentra¬ 
tion  subsequently  prevent  possible  carbon  formation  by  the 
Boudard  reaction  (Eq.  (11))  and  by  the  decomposition  of 
methane  (Eq.  (12)),  respectively.  Therefore,  the  formation 
of  carbon  is  less  likely  in  the  oxygen-conducting  electrolyte 
system  because  of  the  extra  steam  generated  from  the  elec¬ 
trochemical  reaction  between  hydrogen  and  oxygen  ions  at 
the  anode  side.  The  amount  of  each  species  in  the  anode  side 
when  the  oxygen-conducting  electrolyte  is  employed  with  c 
=  0  and  1.5  mol  is  shown  in  Fig.  3(a)  and  (b),  respectively. 
It  is  evident,  especially  for  the  case  of  c  =  0,  that  more  car¬ 
bon  monoxide  is  converted  to  carbon  dioxide  when  a  greater 
amount  of  steam  is  supplied  to  the  system.  Moreover,  a  higher 
concentration  of  carbon  dioxide  is  observed  when  the  extent 
of  hydrogen  consumption  (c)  is  increased.  The  extra  steam 
produced  from  the  electrochemical  reaction  between  hydro¬ 
gen  and  oxygen  ions  enhances  the  water-gas  shift  reaction 
and  retards  the  methanaation  reaction.  Therefore,  increasing 
the  inlet  F^CkMeOH  ratio  in  such  a  system  (i.e.,  when  c  = 
1.5)  decreases  the  amounts  of  carbon  monoxide  and  methane. 

The  boundary  of  carbon  formation,  i.e.,  the  minimum  inlet 
FECkMeOH  ratio  at  which  the  formation  of  carbon  is  thermo¬ 
dynamically  unfavoured,  is  better  represented  in  Figs.  4  and  5. 
The  lines  in  the  plots  indicate  the  system  in  which  carbon 
is  in  equilibrium  with  other  species.  In  the  region  above  the 
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Fig.  3.  Effect  of  inlet  H20:Me0H  ratio  on  each  component  mole  at  anode 
side  (oxygen  conducting  electrolyte  a  =  1  mol,  P  =  101 .3  KPa,  T  =  1173  K): 
(a)  c  =  0  mol  and  (b)  c  =  1 .5  mol. 

equilibrium  line,  carbon  formation  is  thermodynamically  im¬ 
possible.  Generally,  the  higher  the  temperature,  the  lower  is 
the  boundary  of  carbon  formation.  This  is  due  to  a  decrease 
in  ac.co  at  high-operating  temperature,  as  the  Boudard  re¬ 
action  (Eq.  (11))  is  exothermic.  Moreover,  the  methane  con¬ 
centration  at  high  temperature  is  small  because  of  the  strong 
exothermic  methanation  reaction.  Therefore,  increasing  the 
SOFC-operating  temperature  is  one  possibility  to  prevent  car¬ 
bon  formation  at  the  anode,  but  the  cost  of  high-temperature 
materials  and  the  problem  of  cell  sealing  must  also  be  con¬ 
sidered. 


Temperature  (K) 


Fig.  4.  Influence  of  extent  of  electrochemical  reaction  of  hydrogen  on 
requirement  of  inlet  Fb O:\leOH  ratio  at  different  operating  temperature 
(oxygen-conducting  electrolyte,  a  —  1  mol,  P  =  101.3  kPa). 


Fig.  5.  Influence  of  extent  of  electrochemical  reaction  of  hydrogen  on  re¬ 
quirement  of  inlet  Hit): VleOll  ratio  at  different  operating  temperatures 
(hydrogen-conducting  electrolyte,  a  =  1  mol,  P  =  101.3  kPa). 


For  the  oxygen-conducting  electrolyte  system,  higher  hy¬ 
drogen  consumption  (i.e.,  increasing  c)  results  in  a  decrease 
in  the  carbon  formation  boundary,  as  shown  in  Fig.  4.  This 
results  from  the  presence  of  extra  steam  from  the  electro¬ 
chemical  reaction  as  discussed  earlier.  It  can  be  seen  that 
the  extent  of  this  electrochemical  reaction  significantly  af¬ 
fects  the  boundary  of  carbon  formation.  By  using  the  same 
inlet  FGOiMeOH  ratio,  the  system  can  be  operated  without 
carbon  formation  at  an  appreciably  lower  temperature  when 
the  extent  of  hydrogen  consumption  is  slightly  increased.  In 
the  other  words,  the  possibility  of  carbon  formation  on  the 
anode  of  the  SOFCs  with  the  oxygen-conducting  electrolyte 
is  dramatically  decreased  if  the  electrochemical  reaction  be¬ 
tween  the  generated  hydrogen  and  the  supplied  oxygen  is 
maintained. 

On  the  other  hand,  for  the  hydrogen-conducting  elec¬ 
trolyte  system,  a  higher  inlet  H20:Me0H  ratio  is  required 
to  prevent  possible  carbon  formation,  as  shown  in  Fig.  5. 
Higher  amounts  of  carbon  monoxide  and  methane  reside 
in  the  system,  while  less  carbon  dioxide  is  produced  from 
the  water-gas  shift  reaction,  when  the  hydrogen-conducting 
electrolyte  is  used,  as  shown  earlier  in  Fig.  2.  For  the 
hydrogen-conducting  electrolyte,  an  increase  in  the  extent 
of  the  electrochemical  reaction  of  hydrogen  (c)  significantly 
demands  a  higher  inlet  H20:Me0H  ratio  to  prevent  carbon 
formation,  especially  at  low-operating  temperatures.  This  ef¬ 
fect  diminishes  when  the  operating  temperature  is  higher 
than  1173K.  Nevertheless,  it  is  obvious  that  the  oxygen¬ 
conducting  electrolyte  is  preferable  due  to  less  tendency  for 
carbon  formation. 

3.3.  Effect  of  pressure  on  carbon  formation 

According  to  our  calculations,  the  influence  of  the  operat¬ 
ing  pressure  on  the  boundary  of  carbon  formation  is  negligi¬ 
ble  for  both  the  oxygen-  and  hydrogen-conducting  electrolyte 
operations  and,  hence,  the  results  are  not  shown. 
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4.  Discussion 

The  great  benefit  of  the  internal  reforming  operation  is 
the  coupling  of  the  endothermic  reforming  reaction  and  the 
exothermic  electrochemical  reaction  in  a  single  unit.  This 
coupling  process  is  called  an  autothermal  operation,  which 
provides  a  thermal  efficient  approach  for  heat  integration  in 
SOFC.  Another  advantage  of  the  DIR  operation  is  reduction 
of  the  inlet  steam  requirement,  as  extra  steam  is  supplied  from 
the  anode  electrochemical  reaction.  The  DIR  operation  must 
be  carefully  controlled  during  the  start-up  period,  however 
since  the  steam  generated  from  the  electrochemical  reaction 
is  expected  to  be  less.  Another  advantage  of  using  methanol 
as  the  fuel  is  reduction  of  the  high-operating  temperature 
requirement,  because  this  component  is  easily  reformed  at 
low  temperature.  Low-temperature  operation  results  in  an  in¬ 
crease  in  hydrogen  production  and  also  a  decrease  in  carbon 
monoxide  production  due  to  forward  moving  of  the  exother¬ 
mic  water-gas  shift  reaction. 

As  described  above,  although  direct  internal  reforming  is 
expected  to  simplify  the  overall  system  design,  this  opera¬ 
tion  is  not  easy  to  achieve  due  to  local  mismatch  between 
the  rates  of  the  endothermic  and  the  exothermic  reactions. 
This  can  lead  to  a  significant  reduction  in  the  local  temper¬ 
ature  close  to  the  entrance  of  the  anode,  which  can  result 
in  possible  carbon  formation  and  also  in  mechanical  failure 
due  to  thermally  induced  stresses.  Therefore,  this  difficulty 
must  also  be  considered  as  well  as  the  mass  transfer  and  heat 
transfer  problems  when  using  DIR  in  a  SOFC. 

The  impact  of  a  SOFC-DIR  with  a  hydrogen-conducting 
electrolyte  is  comparable  with  membrane  reactor  operation 
in  which  hydrogen  is  removed  from  the  system. 

Consequently,  without  careful  control,  carbon  formation 
can  be  easily  formed  and  result  in  possible  catalyst  or  sys¬ 
tem  damage.  A  higher  inlet  steam:carbon  ratio  could  reduce 
this  problem,  but  the  additional  energy  requirement  for  water 
evaporation  must  then  be  considered. 

5.  Conclusions 

A  theoretical  thermodynamic  analysis  has  been  performed 
to  predict  the  boundary  of  carbon  formation  for  a  SOFC 
with  direct  internal  reforming  when  methanol  was  used  as 
fuel.  The  results  indicate  that  carbon  formation  can  be  pre¬ 
vented  by  either  increasing  the  inlet  FLOiMeOH  ratio  or  by 


increasing  the  operating  temperature.  A  comparison  between 
the  hydrogen-  and  the  oxygen-conducting  electrolyte  system 
shows  that  carbon  formation  in  the  latter  system  is  less  likely 
due  to  the  extra  steam  that  is  produced  from  the  electrochem¬ 
ical  reaction  of  hydrogen  at  the  anode. 

Although  the  boundary  of  carbon  formation  for  SOFCs 
can  be  predicted  according  to  the  thermodynamic  calcu¬ 
lations  presented  in  this  work,  it  should  be  realized  that 
carbon  may  be  formed  by  other  mechanisms  besides  the 
Boudard  reaction  and  the  decomposition  of  methane.  More¬ 
over,  other  forms  of  carbonaceous  species  such  as  polymeric 
coke  (CnHm),  which  can  also  result  in  comparable  damage, 
can  exist  in  the  system.  Therefore,  the  results  obtained  here 
should  be  considered  only  as  crude  guideline  for  the  oper¬ 
ating  conditions  of  a  SOFC.  Experimental  work,  including 
a  kinetic  study  of  the  rate  of  carbon  formation,  should  be 
carried  out  to  determine  the  most  suitable  inlet  F^OiMeOH 
ratio. 
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